signi cantly reduce the haemodynamic and ischaemic complications associated with the traditional anastomotic procedures (Shennib 2001 , Subramanian et al. 2002 . Thus, preclinical studies are essential for the development and validation of these new devices and procedures.
Sheep, pigs and dogs are currently used as animal models for various cardiovascular surgical procedures (Solem et al. 2000 , Boekstegers et al. 2002 , Booth et al. 2002 , Ehrlich et al. 2002 , Timek et al. 2002 . The basic requirements for an animal model used for surgical procedures on the coronary vasculature include adequate anatomical resemblance to human anatomy and physiology, adequate size, and resemblance of biological response to mechanical injury of vessel walls and other interventions. When a new surgical device is tested in an animal model, these requirements are crucial.
We have chosen the sheep to serve as a model to test a new coronary anastomotic device. This speci c device (CorLink Distal Anastomotic Device DAD, Bypass Co., Hertzliya, Israel) was designed to create a sutureless, end-to-side anastomosis between a graft (venous or arterial) and a coronary artery.
The use of the sheep as an animal model seemed to be ideal for simulating human cardiac surgical procedures due to the size of the chest cavity, which can accommodate devices and surgical instruments intended for human use. That, along with humansized and comparable anatomical distribution of the coronary arteries, similarity in diameter of the left and right internal thoracic arteries (LITA and RITA), and ease of harvesting saphenous veins of suitable length and diameter, makes the sheep a more suitable model for such purposes.
However, in practice, several dif culties were encountered. It seems that even slight manipulation of the heart or a short period of coronary artery occlusion caused immediate and intractable ventricular brillation (VF). All survivors of this surgical procedure, performed through a median sternotomy, developed acute or chronic sternal wound infection. These problems led us to modify the surgical approach and management in an attempt to decrease morbidity and increase survival rates.
Anatomical review of the sheep's chest
The thorax of the sheep is a laterally compressed cone, the base being at the diaphragm and the apex at the thoracic inlet. There are seven sternebrae in the sheep, the rst one being the manubrium and the last one the xyphoid process. The sternum is long and compressed dorso-ventral in its proximal part and laterally at the distal end; and consequently is considerably more massive at the proximal part comprising the manubrium, which has a pyramidal shape and is elevated almost perpendicular to the second sternebrae. There are normally 13 pairs of ribs; of these, eight are sternal and ve asternal (Bortolami 1974) . The muscles of the thoracic wall, which are encountered when performing a left lateral thoracotomy (LLT) between the 3rd and the 6th ribs, are the cutaneous muscle of the trunk, the latissimus dorsi, the serratus ventralis, the scalenus, the external abdominal oblique, the insertions of the cranial serratus dorsalis, the rectus abdominis, and the external and internal intercostal muscles. The 3rd to the 6th intercostal arteries originate from the aorta and join the internal thoracic artery at the sternum. At the angle of the rib, the arteries, their satellite veins and the intercostal nerves lie just behind the caudal border of the ribs. At the costal cartilage level, the vessels divide into two branches. The internal thoracic/mammary arteries originate from the subclavian arteries which originate from the single arch vessel-the brachiocephalic trunk, with the left subclavian artery originating closer to the aortic arch (Archibald et al. 1965 ) (see Fig 1) . Fifty-seven mature female sheep weighing 60-80 kg supplied by a farm breeder (Sarona, Israel) form the basis of this report. All animals were quarantined for a minimum period of 72 h, and a full health record was established. The animals were housed individually in PVC-oored pens, size 1.4 3 1.0 m. They were fed a commercial pelleted diet (Milobar, 7880, Oshrat, Israel) and hay. Water was supplied ad libitum through automatic taps. The husbandry ventilation temperature and humidity complied with the NIH Guide for the Care and Use of Laboratory Animals (National Research Council 1996) .
Material and methods

Animals
Anaesthesia
Following overnight fasting, animals were premedicated with ketamine 10 mg/kg and xylazine 0.1mg/kg by an i.v. injection and were given a prophylactic dose of antibiotic (cefazolin 1 g i.v.). After induction with thiopental 10 mg/kg and intubation, the animals were ventilated (Hallowel) arti cially using a mixture of iso urane 1.5-3%, and oxygen. An analgesic (buprenorphine 0.6 mg-0.01 mg/kg) was given i.m. before opening the chest, and an additional dose of 0.6 mg was given at the end of the procedure. Intravenous and arterial lines were inserted in an ear vein and artery for continuous blood pressure monitoring and uid and drugs administration. Three lead electrocardiograms (ECGs) were continuously monitored (Protocol-Propaq-100 Vital Signs Monitor, Protocol Inc.).
Procedural details
The study protocol called for comparison between device-mediated sutureless distal anastomotic device (DAD) and conventional sutured anastomoses for both venous and arterial conduits. The initial approach phase of the study comprised 27 sheep while the modi ed approach group comprised 30 sheep. In both groups, internal mammary arteries and saphenous veins were used to construct aorta-coronary bypasses using either the anastomotic device (study group) or conventional hand-suturing techniques (control group). The goals of the research were to evaluate the feasibility and safety of the DAD-mediated anastomotic procedure and to test its long-term (6 months) patency rate. All of these were evaluated in comparison to conventional sutured anastomoses.
Initial approach
Drugs All animals were pre-treated with buffered aspirin (325 mg/day) 72 h prior to surgery and during the follow-up period. Activated clotting time (ACT) was measured prior to coronary occlusion and heparin (Heparine choay 5000 i.u./ml) 10 000 units given in all animals. Additional doses were given to maintain ACT values above 300 s (ACT Hemotech Inc., Anglewood Colorado, USA) until completion of the surgical procedure. Heparin was not reversed at the end of procedure. In the initial phase of the study, no other medications were administered.
Surgical procedure The sheep was placed in a dorsal recumbence, and a median sternotomy from the tip of the xyphoid bone to the supra-sternal notch was performed. Following placement of a sternal retractor (Finnochieto retractor) in sheep designated for arterial grafting, the left internal mammary artery was dissected in a skeletonized fashion (without any surrounding tissue) using low level cautery and stainless steel clips for side branches occlusion. The dissection was begun distally at the artery's bifurcation and proceeded cephaladly as far as possible into the chest cavity apex. The distal end was then doubly clipped and the artery was divided. In sheep undergoing venous grafting, a 15-20 cm long segment of the saphenous vein was harvested through an uninterrupted leg incision, with its side branches ligated (silk 5/0) and immediately immersed in normal saline solution (9 g/l) containing 5000 units of heparin. The proximal end of the vein was then connected to the brachiocephalic trunk using a partial occluding clamp and conventional suturing technique (Prolene 5/0 Ethicon).
Following conduit preparation, the pericardium was incised from above the left auricle to the apex, exposing the major leftsided coronary arteries. Once a suitable coronary artery was selected (diameter of 2-3.5 mm), a silicone rubber band (Retrac-O-Tape Air Cushion, Quest Medical Inc., Allen TX, USA) was placed around it, distal to the selected anastomotic site. A 5/0 Prolene suture was placed around the artery, proximal to the anastomotic site and secured with a silastic tourniquet, allowing temporary occlusion of the artery (see Fig 2) . In the control group, a stabilizer (CTS OPCAB Access Systems Cupertino, CA, USA) was used to stabilize the anastomotic area. In the DAD group, no stabilizers were used. Grafts were then connected to the coronary artery using either the DAD or conventional continuous suture technique (polypropylene 7/0). A gas (CO 2 ) blower was used to improve visualization of the anastomotic area. After the release of the snare, the blood ow in the conduit was measured by a transit time ow meter (Transonic 106 model, probes CM4B or CM3B, Transonic Systems Inc, Ithaca, NY, USA). After nal ligation of the proximal coronary artery, the blood ow was re-measured. The pericardium was then loosely re-approximated, a temporary chest tube was inserted and the chest was closed using stainless steel wires (7 Ethicon). Additional veri cation of conduit patency was achieved by postoperative catheterization. Through a percutaneus puncture of the femoral artery an introducer sheath was inserted (6 F). A VTK (Cook 5-6 F) angiographic catheter was advanced to the brachiocephalic trunk, and an exchange of catheters on a long guide wire (0.035", 260 cm) to a JL (Judkins left 5-6 F) was performed, which permitted engagement of the catheter to the IMA or SVG. Graft patency was veri ed by injection of nonionic contrast media (Ultravist 370 Schering). General anaesthesia was terminated and the sheep extubated upon resumption of vagal re exes. Anticoagulation was not reversed.
Modi ed approach
Drugs Sheep were medicated as described in the initial approach. In addition to these drugs, all sheep were treated just prior to surgery with a drip of 150 mg of amiodarone and 0.5 mg fentanyl in 150 cc of saline (5 mg amiodarone and 6 mcg fentanyl/2 cc/min) followed by an intravenous bolus of 75 mg of lidocaine prior to the manipulation of the heart. Temperature monitoring was achieved by an intrarectal probe (Protocol-Propaq-100). Normothermia was maintained by placing the sheep on a heating mattress (Gaymar-T pump), with additional packing of the animal with warm infusion bags and by administration of warm lactated Ringer's solution through an intravenous line starting at the very beginning of the procedure.
Surgical procedure In sheep designated for arterial grafting the animals were placed in dorsal recumbence. A left lateral thoracotomy at the 3rd or 4th intercostal space was performed. A 20-25 cm long, skin and cutaneous muscle incision was made parallel to the intercostal space, beginning ventral to the costovertebral junction and extending past the costochondral junction, severing the ascending pectoral muscle, rectus thoracic muscle and scalenous muscle which was incised from its caudal attachments. The ventral portion of the latissimus dorsi muscle was incised across the muscle bres parallel to the skin incision. The ventral serratus muscle was separated between its muscle bellies using blunt dissection. Intercostal muscles were incised along the cranial margin of the rib in order to avoid the intercostal blood vessels.
The pleura was punctured bluntly and incised. A Finochietto rib retractor was introduced and the ribs were gradually separated. Through this left thoracotomy, the right internal mammary artery (RIMA) was dissected in a skeletonized fashion from its distal bifurcation, as close as possible to the origin of the artery from the subclavian artery, in order to gain suf cient length (Figs 3 and 4) . After harvesting the RIMA, the animal was repositioned on the right lateral thorax for the rest of the procedure. Anastomosis (vein or artery) of the coronary arteries was then completed as described in the initial approach, except for the sutured group in which preconditioning was (2) is seen at the sternal edge of the left lateral thoracotomy incision performed, inducing periods of 1, 2 and 4 min of coronary occlusion separated by reperfusion periods of one minute duration.
Results
Overall mortality in the initial approach group (27 sheep) amounted to 45% (12 sheep), six sheep developed intractable VF during coronary occlusion stage or immediately afterwards. Of the remaining sheep, six developed infection of the median sternotomy incision, leading to their deaths prior to the end of the planned follow-up period. All surviving animals of the initial approach group, which were followed for more than one week, had various degrees of mediastinitis.
All of the sheep in the modi ed approach group survived the surgical procedure. None developed incision infection or died prematurely.
Discussion
The sheep is a very suitable animal model for the performance of cardiovascular studies, due to its size and ease of use. However, several severe problems were encountered in our study as well as in other studies (Solem et al. 2000) , leading to a low survival rate of the animals. At the initial phase of our study we attempted to follow the method of performing OPCAB surgery, as used conventionally in humans. This led to the employment of the median sternotomy incision, the harvesting of the left internal mammary artery (LIMA), and use of anti-arrhythmic medications, but only when indicated by the appearance of premature atrial or ventricular contractions.
The rst problem encountered was the vulnerability of the sheep's heart to any manipulation and its consequent inability to sustain even short periods of ischaemia. Intractable VF sometimes developed without any early warning. It was almost always impossible to de brillate the heart using electric shock, even after the heart was returned to its normal position and/or the coronary ischaemia was relieved.
Prophylactic administration of antiarrhythmic drugs signi cantly reduced the rate of VF. Another measure that was possibly helpful in reducing the rate of VF was the ascertaining and maintenance of normothermia. Hypothermia is known to be a predisposing factor for intractable VF (Torres 1966 , Kearns & Murnaghan 1969 . The maintenance of normothermia in humans undergoing OPCAB surgery has been shown to reduce the rate of cardiac arrhythmia (Nesher et al. 2001) . This may very well be true for sheep too and, in our experience, along with the other measures taken, may have contributed to the marked reduction in VF occurrence. One more measure taken in order to reduce myocardial damage and reaction to ischaemia was preconditioning. Temporary intermittent, gradually extended periods of coronary artery occlusion produce transitory phases of myocardial ischaemia followed by phases of reperfusion. This technique was shown to increase the heart's ability to withstand long periods of ischaemia (Laurikka et al. 2002) , and is used by cardiac surgeons to reduce the myocardial damage associated with either global or local coronary occlusion needed for the creation of coronary artery anastomoses (Lasley & Mentzer 1995 , Perrault & Menasche 1999 . Preconditioning was performed in this study whenever conventional sutured anastomosis was done, a procedure that required between 7-11 min of coronary artery occlusion.
It is obviously impossible to determine the speci c contribution of each of the steps taken in the modi ed approach to the dramatic decrease in VF rate. As our aim was to achieve as high as possible an operative survival rate, it is reasonable to employ all measures known to reduce operative complications and mortality.
The high rate of postoperative infection in the median sternotomy incision was especially frustrating since it affected all the sheep that survived the surgical procedure. Furthermore, the problem was unexpected since, from our as well as others' experience, large laboratory animals such as dogs and pigs can withstand median sternotomy incision with a reasonable infection rate (Lust et al. 1991 , Pelsue et al. 2002 .
One factor known to increase the rate of median sternotomy infection is the harvesting of the internal mammary artery (IMA), a procedure known to reduce the sternal blood supply and hence make it more vulnerable to infection. This might explain only part of the problem, since in three sheep that developed sternal infection the IMA was not used. Another possible reason is that ruminants spend considerable time, from 8-9 h each day, ruminating, usually lying down in sternal recumbency thus exposing the sternal wound and bone to long periods of weight bearing and pressure.
Changing the operative approach to LLT has eliminated the problem of wound infection.
Left lateral thoracotomy through the 4th or 5th intercostal space provides good access to the brachiocephalic trunk and to the left side of the heart (left auricle, left ventricle and pulmonary trunk). The circum ex and marginal arteries are readily accessible without any need to manipulate the heart. In order to reach the left anterior descending and the diagonal arteries, the heart has to be lifted out of the pericardial sac and be supported by some wet gauze pads placed behind it.
Another modi cation required, following the change to the LLT approach, was the use of the RIMA instead of the LIMA. The LIMA is easily detected at the edge of the LLT incision (in fact, care should be taken not to divide it accidentally) and is easily dissected in the proximity of the incision. However, advancing proximally toward the origin of the LIMA was found to be very demanding, as the exposure of the proximal segment of the LIMA through the LLT is almost impossible. As a result, a relatively short segment of the LIMA was obtained, a segment that at times was not of suf cient length to reach all the left-sided coronary arteries easily. The exposure of the RIMA, on the other hand, is much better through a LLT, especially if the sheep is placed in a supine position. The RIMA can be dissected almost up to its origin, with a resulting mobilized long segment that can easily reach all of the desired coronary arteries.
